In 1942, Walls described the concept of a 'nocturnal bottleneck' in placental mammals, where these species could survive only by avoiding daytime activity during times in which dinosaurs were the dominant taxon. Walls based this concept of a longer episode of nocturnality in early eutherian mammals by comparing the visual systems of reptiles, birds and all three extant taxa of the mammalian lineage, namely the monotremes, marsupials (now included in the metatherians) and placentals (included in the eutherians). This review describes the status of what has become known as the nocturnal bottleneck hypothesis, giving an overview of the chronobiological patterns of activity. We review the ecological plausibility that the activity patterns of (early) eutherian mammals were restricted to the night, based on arguments relating to endothermia, energy balance, foraging and predation, taking into account recent palaeontological information. We also assess genes, relating to light detection (visual and non-visual systems) and the photolyase DNA protection system that were lost in the eutherian mammalian lineage. Our conclusion presently is that arguments in favour of the nocturnal bottleneck hypothesis in eutherians prevail.
Introduction
A general view that early mammals were small insectivores, living on trees and being only night active, has become commonplace in textbooks, with some articles devoted specifically to vision [1, 2] , whereas others are more general in nature [3, 4] . Menaker and co-workers formulated a specific 'nocturnal bottleneck hypothesis' [5] [6] [7] , although some researchers have suggested the involvement of a period of mesopia (medium-light levels) in the evolution of eyes in response to light-restricted habitats [8] , as observed in other species (e.g. birds; [9] ). The main focus of this review is the 'nocturnal bottleneck' conjecture that was inspired by the fact that mammals have only one (retinal) photic input pathway to their circadian pacemaker system, whereas nonmammalian species have several parallel retinal and extra-retinal circadian photic input systems (e.g. hypothalamus, pineal gland, parietal eye). Further evidence to support the hypothesis arose from consistent findings in mammalian evolution, including the evolution of endothermia [3, 10] and the adaptation of photosensory systems (e.g. the loss of photoreceptor pigments: [7, 8] ).
The nocturnal bottleneck hypothesis suggests that early eutherian mammals faced competition with diurnal reptiles (e.g. dinosaurs) during the Mesozoic era: [1, 6, 11, 12] . Thought to be mainly ectothermic, these reptiles would have had to restrict their activity to the daytime because solar radiation was essential to increase their body temperature to operational levels [13] . Predation pressure and inter-species competition are thought to have stimulated the development of endothermia, a major adaptive change that enabled early mammals to & 2013 The Author(s) Published by the Royal Society. All rights reserved.
become nocturnal and independent of solar radiation and environmental temperature. Nocturnal activity, in turn, might have led to dramatic changes in photoreception, including the loss of underused photoreceptor structures and ultraviolet (UV) protection mechanisms in the lightexposed tissues such as the skin and the eye. With the addition of interesting differences between the evolution of methaterians (including extant marsupials) and eutherians (including extant placentals) and recent palaeontological findings, we are forced to reconsider the evolutionary pressures that dictated the mammalian radiation. While it remains to be seen whether we will ever be able to reconstruct early predation patterns, new insights have been obtained concerning the evolution of endothermia [13] . Genetic analysis also offers comparative perspectives about changes in anatomy and physiology, which could shed new light on the bottleneck hypothesis. We will discuss these topics within the context of the existing literature and evaluate the overall validity of the nocturnal bottleneck hypothesis.
Mesozoic radiation of mammalian taxa: a palaeontological timeline
Which taxa should be included in the mammalian clade is the subject of a long and ongoing debate [14] . There is general agreement that this clade appeared in the Mesozoic era (figure 1), around 250 million years ago (Ma), after a massive extinction of plants and animals during the Permian-Triassic or P/Tr event: this catastrophe is described as a 'greenhouse with lethal temperatures' and is also known as the Great Dying [16] . The precise causes of this global warming are under debate, as are the causes of another mass extinction at the end of the Mesozoic, the Cretaceous-Palaeogene event (figure 1), 65.5 Ma (K/Pg, also known as the CretaceousTertiary or K/T; e.g. see the discussion raised by [17] ). The general climate of the Mesozoic era can be described as warm, with relatively small surfaces covered with ice, if at all [18] . Patterns in temperature and humidity will have correlated strongly with large geological events such as the split of the supercontinent Pangaea into Laurasia and Gondwana during mid-Mesozoic (about 190 Ma), followed by further fragmentation into the southern hemispheric continents (185-80 Ma). This process continued, resulting in the final separation of South America, Antarctic, Australia and the bridging of South and North America in the Cenozoic era. This era has become known as the era of the mammals, in contrast to the preceding Mesozoic era of the dinosaurs. Mammal-like reptiles survived the P/Tr event and gave rise to what Kemp [14] describes as the 'Mesozoic mammals'. Their development over a long time span of about 145 myr is remarkable, with 10 -20 major groups being discerned. All the Mesozoic mammalian groups showed characteristics of small, insectivorous animals [14] , although a few exceptions do exist [19] . During the same era, at least 1000 terrestrial dinosaur species evolved in a large range of body sizes.
With the disappearance of the dinosaurs after the K/Pg event, the radiation of mammalian species exploded. For the eutherian mammals, the debate seems undecided whether the Early Cenozoic radiation of mammals was based on an earlier (short fuse model) or later (long fuse model) Mesozoic mammalian divergence (molecular-based analyses [20] ). A third option would be an explosive model, based on morphological analyses of fossil and living mammals, suggesting a Cenozoic divergence [21] . In the latter view, all Mesozoic eutherian findings are placed outside the placental crown group. Based on molecular analyses, the Mesozoic eutherian (placental)/metatherian (marsupial) divergence has been placed at 170 Ma [22] : this date predates that suggested by palaeontological findings of an early metatherian mammal Sinodelphis in China (125 Ma; [23] ), but is consistent with the discovery of an earliest eutherian species Juramaia (160 Ma, [24] ) also from China. Marsupial radiation in the Mesozoic, observed in North America, was nearly eliminated in the K/ T event, and Cenozoic radiation occurred mainly in South America and subsequently in Australia (oldest finding 55 Ma). Presently, the persisting crown group of Theria is composed of marsupials (about 265 species) and placentals (about 4400 living species). The position of the third (and earliest) persisting mammalian group of the monotremes (five living Figure 1 . Evolutionary timeline indicating the sequence of events concerning the mammalian nocturnal bottleneck. The black/grey box indicates the time frame of the nocturnal bottleneck that is the period when mammals and archosaurs co-existed. Grey lines and triangle shapes indicate species radiation and roughly indicate the number of species present [14, 15] . Coloured bars along the timeline indicate geological time intervals (Q, Quaternary). P/Tr indicates the Permian/Triassic extinction event ('the Great Dying'), K/Pg indicates the Cretaceous/Palaeogene extinction event.
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Ectothermia in mesozoic reptiles
At the basis of the nocturnal bottleneck hypothesis lies the idea that Mesozoic ectothermic reptiles (including dinosaurs) would be restricted to daytime activity at times when the sun can help to heat up their body to operating temperatures [13] . The general term 'operating temperatures' has been usually not only discussed in terms of speed of locomotion but could also potentially extend to digestive efficiency and speed, or even neurobiological function. For these reasons, it might be generally true that Mesozoic reptiles would be ectothermic and hence predominantly diurnal, but evidence is accumulating that some dinosaurs might have possessed partial endothermia based on several arguments (for review, see [26] [27] [28] [29] [30] ). These arguments include (i) presence of insulating proto-feathers, (ii) fossils of breeding dinosaurs in cold regions, (iii) raised body posture, (iv) fibrolamellar bone structures, (v) presence of nasal turbulate bone structures, (vi) stable growth rate (isotope deposits in bones and teeth), (vii) possible 'mass homeothermia' or 'inert homeothermia' in large dinosaurs, (viii) the occurrence of small dinosaurs in cold regions and (ix) the existence of potential external thermoregulatory structures in some dinosaur species (e.g. dorsal boney plates in Stegosauria). Some of the arguments favouring ( partial) endothermia in dinosaurs can be debated, but we consider this mostly to be outside of the scope of this paper. One thing may be important to discuss here: the loss of uncoupling protein 1 (UCP1) in Sauropsida (birds and reptiles) [31] [32] [33] [34] [35] . UCP1 uncouples the mitochondrial respiratory chain, leading to the production of heat instead of adenosine triphosphate (ATP), the general cellular energy carrier. UCP1 can therefore be seen as one of the components of endothermia. All tetrapods (mammals, birds, reptiles and amphibians) have UCPs, but mitochondrial uncoupling capacity has been confirmed only in UCP1 [31] . Interestingly, the Ucp1 gene was already present in teleost and amphibia and although its precise uncoupling function remains elusive in these species, its conserved state has been dated back to 420 Ma [33, 34] . This may lead to the speculation that the potential thermogenic capacity of UCP1 might have been present in a common ancestor of all tetrapods and hence may represent a widespread feature. The loss of this gene in Sauropsida is therefore likely to represent a lack of positive selection pressure for mitochondrial heat generation. This indicates a 'diurnal bottleneck' in Sauropsida, with the possibly that their diurnal lifestyle, combined with other forms of heat maintenance, might have reduced the selection pressure for mitochondrial non-shivering thermogenesis. During the Mesozoic, therapod dinosaurs probably regained this feature of mitochondrial uncoupling using the action of adenine nucleotide transferase for non-shivering thermogenesis in the muscles [35] . This saurischian lineage ('lizard hip' dinosaurs) included smaller carnivorous proto-feathered and feathered dinosaurs that were probably fast-moving predators (e.g. Velociraptor). This lifestyle probably selected for less dependence on environmental temperatures and saurischians are now generally believed to have had partial endothermia, allowing them to incubate their eggs and inhabit colder regions. This secondary evolutionary step might have been critical in the anatomical development of the musculature of the hind legs for breeding and eventually opened the gate for the evolution of avian flight, which depends primarily on the fore limbs [36] . This evolutionary path, however, does not explain why modern birds generally have a diurnal lifestyle even though they are capable of full endothermic heat production. Flight at night is intrinsically more difficult owing to the significantly lower levels of light; however, highly enhanced scotopic vision (e.g. owls), or other senses (e.g. echolocation in bats), may negate such disadvantages. In this respect, it may be hypothesized that the complex sexual selection mechanisms that have arisen through diverse and vivid feather coloration may be the main drive for a diurnal lifestyle where an acute colour visual sensory system would be an advantage. This, however, will not explain the conservation of avian endothermia and suggests an endothermic advantage in addition to the advantageous capability of being active at night when ambient temperatures are low.
Taken together, it can be concluded that forms of partial endothermia most likely evolved several times during the Mesozoic era in dinosaurs and other reptiles (figure 2). In clades of archosauria (e.g. suchia, ornithischia, saurischia), primitive endothermia likely led to more mature forms of endothermia. It has been suggested that endothermic capacity was lost through secondary evolution in crocodiles [37] , whereas evolution of endothermia in therapod lineages eventually led to full endothermia in birds. Independently, parallel evolution in Synapsida led to partial endothermia in therapsid reptiles (250 Ma, Late Permian) and full endothermia in mammals ( figure 2 ).
An important argument for the need of elevated body temperatures in (Mesozoic) reptiles is behavioural regulation of body temperature (selection of warmer environments; sun basking) in extant reptiles. This argument would plea for the existence of a nocturnal bottleneck as it, indeed, ties activity of reptiles to the diurnal niche where warm environments can be selected.
Nocturnality as the dominant temporal niche in modern mammals
The Mesozoic is most known for its diversification of reptilian life (the reign of the Archosaurs); however, it is important to note here that, according to some analyses, diversification of mammals (but not Rodentia) might have taken place shortly before the end of the Mesozoic era (250-65.5 Ma: [38] ). Based on that assumption, one might expect that most extant mammalian classes may share common features, which originated through directional selection forces that were present during the Mesozoic era when endothermic mammals shared their habitat with ectothermic/partial endothermic dinosaurs.
In a large comparative study, Roll et al. [39] divided 700 species into classes of dominant temporal activity niche: nocturnal, diurnal or both (mostly crepuscular). They used an existing phylogenetic construction [38] to reconstruct the evolution of diurnality in rodents, which are thought to have diversified after the K/T boundary [38] . The reconstruction of temporal niche usage within rodents led to the conclusion that rodents shared a nocturnal ancestor that existed before the K/T boundary. Subsequently, diurnality evolved through secondary evolution at least seven times independently in Rodentia [39] .
Using the molecular phylogenetic construction of Huchon et al. [38] , we constructed the temporal niche phylogeny within the full therian subclass (figure 3) using the nocturnal, diurnal and crepuscular/arrhythmic classification of Roll et al. [39] . The most parsimonious interpretation leads to a minimum of 16 changes of dominant temporal niche (figure 3). Most subdivisions of Theria are indeed nocturnal, but many changes and reversions occurred, and different interpretations may be possible, especially when higher-quality data on activity patterns in more species become available.
Evolution of mammalian endothermia
In mammals, the presence of UCP1, with mitochondrial uncoupling capacity, led to the development of specialized thermogenic, UCP1-expressing, brown adipose tissue (BAT) during the Mesozoic era [31] . BAT has been well studied for its role in thermogenesis during arousal from hibernation and in homeothermic mammals it is stimulated through cold exposure. Interestingly, mammalian thermogenesis in BAT parallels avian thermogenesis in skeletal muscle because both tissues derive from myogenic precursor cells [40] . Uncoupling can therefore be seen as one of the (facultative) features of endothermia to quickly generate heat in extreme situations. It cannot be seen as a general feature of endotherms, because birds have UCP1-independent non-shivering thermogenesis in skeletal muscle instead of BAT [34, 35] .
The hallmark of heat generation in endotherms is the leakiness of the cellular plasma membrane for ions. The inward flux of sodium is greater in endotherms than in ectotherms, and the sodium pumps therefore need to perform at a higher rate in endothermic cells. The continuous flux of sodium across the membrane will generate heat in every cell of the endothermic body. This leaky membrane hypothesis was mainly proposed by Else & Hulbert [41, 42] , Else et al. [43] and Hulbert & Else [44] , and ingenious experiments in sodium/potassium pump transplantations between mammalian and reptilian membranes showed the interaction of the sodium/potassium pump with the constituents of the plasma membrane in endotherms and ectotherms [42, 45] .
Apart from differences in plasma membrane ion leak in endotherms, the mitochondrial membrane of endotherms seems to be leaky for protons. This parallels the function of UCP1 and also leads to heat production and less efficient oxidation of nutrient substrates (e.g. glucose) to ATP in the mitochondria [46, 47] . As such, the mitochondria in endotherms have approximately five to seven times higher respiration rates compared with similarly sized ectotherms, but much of this higher respiration is translated into heat production (approx. 30%) instead of ATP production [46, 47] .
In general, metabolism in mammals is regulated through thyroid hormones. Thyroid hormone production in the thyroid gland consists mainly (approx. 80%) of its inactive form (thyroxine, T 4 ). Deiodinases (DIO1 and DIO2) convert inactive T 4 into its active form triiodothyronine (T 3 ) locally not only in peripheral tissues but also in the brain. Owing to differences in half-life, T 4 levels in plasma are about 40 times higher than T 3 levels. Hence, local T 3 conversion through DIO1/2 is critical for the regulation of tissue-specific metabolic rates. T 3 binds to the nuclear thyroid receptor which, when bound to its ligand, acts as a transcription factor and enhances protein turnover rates of almost all cells in the body. Interestingly, T 3 specifically induces production of the sodium/potassium ATPase, the sodium pump that is necessary to restore ion balance over the leaky plasma membranes of the endothermic cell. Hence, thyroid hormone action and leaky membranes in endotherms can be considered to be two sides of the same mammalian endothermic coin and might therefore indicate synergetic evolution.
Impact of diurnality on anatomy and physiology in mesozoic reptiles
Of all anatomical features present in animals, the eyes are likely to be adapted to the amount of light to which species are exposed. Therefore, eye anatomy may be an excellent indicator rspb.royalsocietypublishing.org Proc R Soc B 280: 20130508
of diurnality or nocturnality [1, 12, [48] [49] [50] [51] [52] [53] [54] . In extant species, a range of adaptations can be measured, such as the short-wavelength-filtering properties of the lens, rod/cone ratios and the retinal irradiance factor ( pupil surface area/retinal surface area [12, 55, 56] . The retinal irradiance factor can be applied in a 'camera type' eye, where it describes how much the photon flux through the pupil is spread out over the retinal surface.
Animals typically reduce the size of the pupil when exposed to bright light and hence have a low retinal irradiance factor compared with the situation in darkness. This pupil constriction reflex will accommodate higher visual acuity at daytime and protect the retinal photoreceptors from damaging extremes of light intensities, whereas the pupil dilation reflex will allow for higher light penetration onto the retina (increased sensitivity) at the cost of visual acuity. As a result, diurnal animals have evolved large retinae and small pupils (low retinal irradiance factor) compared with nocturnal animals that have smaller retinae and large pupils (hence a high retinal irradiance factor). In archosaurs, it is possible to approximate such a retinal irradiance factor. Archosaurs possess bony plates in their eyes (scleral ring) surrounding the iris. From these fossilized bony remains, the inner diameter can be obtained as a measure that relates to maximal pupil size, whereas eye diameter, as a proxy for retinal surface, can be obtained from orbital bones ( [57] [58] [59] ; but see also [54] ). Interpreting the measures of Schmitz & Motani [59] , most herbivorous dinosaurs (ornitischia and Sauropoda) might have had mesopic eyes and could thus be adapted to a diurnal lifestyle as their dominant temporal niche (with less need for high visual acuity compared with predators). Photopic eyes are mainly found in flying dinosaurs (mostly avian theropods but also in Pterosaura). Scotopic dinosaur eyes can mostly be found in carnivorous theropods (but also in Pterosaura), which were apparently more adapted to invade the nocturnal niche. Analyses of more primitive (basal) eyes in the saurischian (Herrerasaurus) and archosaur (Protherosuchus) lineages suggest they were mesopic. Thus, one might conclude that the basal eye shape in primitive archosaurs was mesopic, whereas high acuity eyes (photopic) developed mostly in flying dinosaurs. By contrast, it appears that scotopic eyes evolved later in the Mesozoic era, specifically in predatory theropods. It is therefore conceivable that the early mammals developed nocturnality as a mechanism to minimize predation. Concomitantly, many predatory saurischia may have invaded the nocturnal niche to maximize their food supply partly by predating on these nocturnal mammals. Because the mammalian radiation started before the K/T boundary, it is conceivable that an arms race between sauria and mammals for temporal niche occupation was already underway before the end of both the Mesozoic era and the reign of the dinosaurs.
Loss of visual and extra-ocular photoreception and photoreceptor diversity in mammals
The nocturnal bottleneck hypothesis was initially derived from correlating morphological differences of cones and rods in extant species of squamate reptiles and mammals with their ecological niches. Based on this work, Walls proposed his transmutation theory to suggest that some species adapted from diurnality to nocturnality, followed by a reversion to a diurnal lifestyle in many cases [1, 48] . Housed within cone and rod photoreceptors are photopigments that consist of a protein (opsin) linked to a vitamin A-derived light-sensitive retinal chromophore. Visual pigments are classified into five subtypes: a single rod (RH1) opsin and four cone classes (SWS1, SWS2, RH2 and LWS) that are maximally sensitive (known as l max ) to wavelengths ranging from UV to near-red [8, 60] ; figure 4). Even though it is probable that all five visual pigment genes were present in the reptilian-like mammalian ancestor, a drastic reduction in the number of cone opsin genes occurred with the eutherian radiation [8] (figure 5), a change that appeared to affect all subsequent mammals. First, the RH2 gene was lost, leaving only three other types of cone pigment (trichromacy) in the ancestor to all mammals [61] , although the SWS1 gene has recently become non-functional in the monotremes: both the platypus and the echidna possess, therefore, dichromatic colour visual systems [61, 62] . This was subsequently followed by the loss of the SWS2 gene, rendering most marsupials (but see [63] ) Figure 4 . A phylogenetic tree showing the evolution of known visual (green) and non-visual (blue) opsin classes in gnathostome vertebrates. The nature of chromophore handling is highlighted, where determined: monostable, the ability of a photopigment to form a stable interaction with either 11-cis retinal or all-trans retinal in a light-dependent manner (pink); bistable, the ability of a photopigment to form stable interactions with both 11-cis retinal and all-trans retinal and the photo-conversion (isomerization) between them (orange). LWS, long-wavelength-sensitive opsin; OPN3, panopsin/encephalopsin; OPN5, neuropsin; OPN4M, mammalian-like melanopsin; OPN4X, xenopus-like melanopsin; RGR, retinal G-protein-coupled receptor; RH1, middle-wavelength-sensitive rhodopsin 1 (rod); RH2, middle-wavelength-sensitive rhodopsin 2 (cone); SWS1, shortwavelength-sensitive opsin 1; SWS2, short-wavelength-sensitive opsin 2; TMT, teleost multiple tissue opsin; VA, vertebrate ancient opsin; pinopsin, pineal gland-specific opsin; parietopsin, parietopsin-expressing opsin; parapinopsin, parapineal gland-expressing opsin; peropsin, retinal pigment epithelial (RPE)-specific rhodopsin homologue (RRH).
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Although the changes in colour vision throughout the mammalian radiation are regarded as one of the most wellcharacterized examples of neuroecological adaptation, it is becoming clear that the nocturnal bottleneck also played an important role in shaping non-visual photoreception. Like visual pigments, non-visual pigments also consist of an opsin linked to a retinal chromophore. Their sheer number (figure 4) and distribution, and that of the photoreceptors that contain them (in non-mammalian vertebrates, at least), however, is generally broader, involving not only the eye but many extra-retinal tissues as well, such as the pineal, parapineal and parietal glands, the hypothalamus and the skin [64] .
Ocular non-visual photoreception occurs in photosensitive retinal ganglion cells ( pRGCs) [65] . Consisting of a subset of the total number of RGCs, pRGCs express the bistable melanopsin (OPN4) photopigment, although this opsin class is not limited to this retinal layer in non-mammalian species [66] and may exist in both bistable and monostable forms [67, 68] (figure 4). In mammals, melanopsin-expressing pRGCs are responsible for photoentrainment of circadian rhythms, as well as regulating other responses [66] , such as pupillary constriction [69] , melatonin suppression [70] , sleep induction [71] and contributions to the visual system (e.g. tetrachromacy in the peripheral human retina) [72] . Early in vertebrate evolution [68] , the melanopsin gene duplicated to yield two distinct lineages, OPNX and OPN4M [73] . Although both gene orthologues are present in non-mammalian vertebrates, OPN4X was lost early in the mammalian radiation to leave only the OPN4M variant [66, 73] (figure 5). It is still not fully understood why the OPN4M gene survived in all extant vertebrates so far studied instead of the OPN4X gene. As there appears to be a correlation between the broad expression of the OPN4X gene and the widespread distribution of non-visual photoreceptors in non-mammals, and the loss of both arms of the irradiance detection system to leave the restricted expression of the OPN4M gene in pRGCs only, it is possible that OPN4X-encoded photopigments detect light for the regulation of other physiological responses (e.g. dark photokinesis [74] , changes to body pigmentation [75] ) that may not be solely involved in regulating specific oculardependent circadian rhythms, for example, sleep or pupil constriction. Given the interplay or neural crosstalk that has been discovered between the parallel systems of colour vision (mediated by cones) and circadian photoentrainment (controlled by OPN4M) [76] N) of a particular opsin class is shown, with a vertical red line indicating the reptilian -mammalian boundary. The significant loss of opsin genes during this timeline forms part of the nocturnal bottleneck hypothesis. OPN4M, mammalian-like melanopsin; OPN4X, xenopus-like melanopsin; RGR, retinal G-protein-coupled receptor; peropsin, retinal pigment epithelial (RPE)-specific rhodopsin homologue (RRH); OPN5, neuropsin; OPN3, panopsin/encephalopsin; TMT, teleost multiple tissue opsin; parapinopsin, parapineal gland-expressing opsin; parietopsin, parietopsin-expressing opsin; VA, vertebrate ancient opsin; pinopsin, pineal gland-specific opsin; LWS, long-wavelength-sensitive opsin; SWS1, short-wavelength-sensitive opsin 1; SWS2, short-wavelength-sensitive opsin 2; RH2, middle-wavelength-sensitive rhodopsin 2 (cone); RH1, middle-wavelength-sensitive rhodopsin 1 (rod); exorhodopsin, extra-retinal rod-like opsin. [8] , it has recently been suggested that redundancy between these spectrally similar pigments may have been the main reason for the loss of two mammalian cone classes and the maintenance of a melanopsin variant under mesopic conditions where both rods and cones are generally active [8] . Furthermore, it has been hypothesized that the nocturnal bottleneck was preceded by an elongated 'mesopic bottleneck' [8] , a conjecture that is consistent with the adaptive changes in opsin gene complement determined in the early mammalian radiation [60, 67] and the order in which the cone classes were sequentially lost [8] .
Another key example is vertebrate ancient (VA) opsin (figure 4). Discovered originally in teleosts [77] , this photopigment is also found in many vertebrate classes [66] ( figure 5 ). Although the function of VA opsin in non-avian species is unknown, there is strong evidence to suggest that this pigment plays a critical role in regulating seasonal breeding in birds via direct hypothalamic photosensitive cells located deep in the brain [78, 79] . The correlative loss of both VA opsin [66] ( figure 5 ) and deep-brain opsin-based photoreception in mammals [80, 81] not only strengthens the argument for the role of VA opsin in the photoperiodic response of non-mammals but also supports the evolutionary significance of the mesopic/nocturnal bottlenecks.
In addition to OPN4 and VA, many other non-visual opsin classes exist in vertebrates and their phylogenetic relationships are illustrated in figure 4 . In the majority of cases, the functional roles of these novel opsins remain to be determined. However, it is interesting to note that some of these genes are conserved in the mammalian lineage (i.e. panopsin (OPN3), neuropsin (OPN5), retinal pigment epithelium (RPE)-specific rhodopsin homologue (RRH; peropsin), retinal G protein-coupled receptor (RGR) and teleost multiple tissue (TMT) opsin, although the latter was subsequently lost in the eutherian mammals), whereas others were not (i.e. pineal opsin (P-opsin), parapinopsin, parietopsin and exorhodopsin; figure 5) . By comparing the complement of photopigments present throughout the vertebrate lineage, it is clear that many of the gene loss events occurred with the expansion of mammal diversity and, as such, an epoch of prolonged light restriction may have served to condense the repertoire of both visual and non-visual pigments as their roles became superfluous for survival.
Coupled to other ocular adaptations such as the development of larger eyes, the enlargement of the cornea [49] and pupil [82] , a high rod : cone ratio [83] , the presence of a tapetum lucidum [84] , convergent orbits, larger binocular fields [52] , as well as the recently discovered marker of an inverted nuclear architecture in rods of nocturnal species acting as a converging optical lens [85] , there is overwhelming evidence to support the argument for a significant reduction in the quality of light at the end of the Mesozoic era, most likely through an extended period of mesopia/nocturnality. As a result, other senses, including improved olfactory sensitivity [86] , high-frequency hearing [87] and the development of tactile vibrissae (whiskers) [88] , became more acute.
Loss of photoprotective mechanisms in mammals
Highly energetic short-wavelength radiation such as UV light is only present in high quantities around noon [55] . Diurnal animals are therefore in need of mechanisms to protect their photoreceptors and their molecular components from photo-oxidative damage caused by high energetic radiation. Maintaining such protective mechanisms is costly and can therefore be expected to face selection pressure. In discussing the evolution of mammalian nocturnality, it therefore deserves attention. The flavoprotein-based photolyases repair UV-induced DNA damage using visible light in a wide spectrum of organisms [89] . Among the vertebrates, however, this 'epitome of an error-free process' [90] could not be shown in eutherian mammals. Painter [90] assumed a loss of this photolyase function after the split of marsupials and eutherian mammals, as deduced from the absence of cyclobutane pyridine dimer (CPD) photolyase activity in man and mice and the presence of such photolyase enzymatic activity systems in the marsupial rat kangaroo Potorous tridactylis [91] . Subsequently, Yasui et al. [92] cloned the CPD photolysase gene in cell-lines from the same marsupial species. Mice overexpressing the marsupial CPD showed improved resistance to UV cellular damage [93] . The P. tridactylis CPD photolyase could even rescue circadian clock function in fibroblasts and liver cells of cryptochrome-deficient mice, underlining a functional connection between the structurally related cryptochromes and photolyases [94] . The supposed difference in photolyase presence between marsupials and eutherians waits for further confirmation in other marsupial species, but would align with an increasing evidence of day active behaviour in marsupials in relation to trichromatic colour vision [63] .
Nocturnal mammals have lost the need for protecting their retina from cellular damage by UV light [95, 96] . The eye lens of most mammalian species has high transmission for UV light and this feature has been associated with a nocturnal lifestyle [12] . In several species of Sciuridae (squirrels), the lens was found to filter out short-wavelength light (below approx. 450 nm, including UV and blue light) owing to a yellow/ orange coloration as observed by the human eye (see images in [55] ). The lens coloration is formed by an interaction of crystalline proteins with short-wavelength-filtering compounds, functioning as a low-frequency pass cut-off filter with undisturbed transmission at lower wavelengths. In humans, these compounds are kynurenine (KN) related, including kynurenine; 3-hydroxykynurenine (3OHKN); 3-hydroxykynurenine O-b-D-glucoside (3OHKG); 4-(2-aminophenyl)-4-oxobutanoic acid (AHA); and glutathionyl-kynurenine (GSH-KN; [97] ), and all derived from tryptophan [98, 99] . Interestingly, the biochemical pathway leading to 3OHKG production in the eye was also found in some (but not all) teleost fishes [100] , leading to the conclusion that this photochemical protection mechanism evolved relatively early in vertebrate life (within the gnathostomes) and might have been permissive for the evolutionary radiation of terrestrial vertebrates. Marsupials and eutherian mammals share the same form of a critical enzyme indoleamine 2,3-dioxygenase involved in the tryptophankynurenine catabolic pathway, indicating that selection maintained this enzyme throughout mammalian evolution [101] . Interestingly, birds use UV vision for foraging and recognizing plumage coloration and may possess alternative retinal protection mechanisms that do not interfere with UV vision capabilities. This possibility is discussed in the section below.
Nocturnal mammals seem to lack kynurenine-based filtering compounds in their lenses, which allows UV light to penetrate their lenses. In addition, the short-wavelength cone (expressing the SWS1 gene) in many nocturnal rspb.royalsocietypublishing.org Proc R Soc B 280: 20130508 mammals is maximally sensitive to UV light (approx. 360 nm), which collectively suggests that UV vision in important in nocturnal mammals [102 -104] . This poses an interesting paradox: there seems to be no need for the evolutionary development of retinal UV protection in nocturnal mammals, but UV cone-based vision seems to be used at night when UV light is not present at sufficient quantities to drive photopic vision. This paradox hints towards a more flexible lifestyle in nocturnal mammals and our classification of nocturnal and diurnal species may be too rigid for many 'nocturnal' mammalian species. This changeable temporal lifestyle (temporal niche switching) was indeed confirmed in several chronobiological studies in nocturnal mammals [12] and will be discussed in detail below.
A classical case of flexible temporal niche switching was described in the golden spiny mouse (Acomys russatus), which becomes diurnal when its competitor, the common spiny mouse (Acomys cahirinus), is present [105] . An interesting difference was found between these species in that the aqueous humour of the golden spiny mouse eye contained high concentrations of ascorbic acid, a UV-absorbing compound [106] . In general, high levels of ascorbic acid are found in diurnal mammals when compared with nocturnal mammals [95, 96, [106] [107] [108] . Thus, nocturnal mammals may have more plasticity in temporal niche usage than expected [12] and their occasional daytime activity may have ecological benefits, including the use of UV vision, while their retina may be protected for UV damage through high levels of ascorbic acid.
In this respect, it is interesting to discuss UV vision in birds. Although the avian ancestor and many modern clades that comprise the Aves possess cones that are maximally sensitive to violet wavelengths, a few bird species (e.g. a subset of Passeriformes, Psittaciformes, Trogoniformes, Ciconiiformes and Struthioniformes) have reinvented UV vision [8] and indeed lack UV filtering properties of their lens. However, birds also seem to lack high levels of ascorbic levels to protect their retina from UV damage [95, 107] . Birds may make use of another compound from the nitrogen catabolic pathway: uric acid, which was also found to have high UV-absorbing properties [107] . Future studies should identify the levels of uric acids in birds and lizards as a possible identifier of ocular adaptation to a diurnal lifestyle.
Concluding remarks
Evidence has accumulated that the visual and non-visual systems of photoreception in eutherian mammals in the Mesozoic era showed changes characteristic for a nocturnal lifestyle. The specific, and permanent loss of UV protection (e.g. by photolyases) is an additional argument for an initial restricted exposure to solar radiation in eutherian animals. Endothermy, although not limited to Mesozoic mammals, allowed an active use of the night, in combination with a small body size. Uncertainties in the radiation of eutherian species within or after the Mesozoic era are manifold and questions remain with regard to later developments of regaining diurnal function in behaviour and colour vision. The palaeontological search will continue and reveal new insights, as was the case in the past decade. Further comparative analysis, implicating other tetrapod taxa such as reptiles and birds, and above all marsupial mammals, will be rewarding to further explore the impact of what we see as the very probable occurrence of a Mesozoic nocturnal bottleneck of eutherian mammals.
